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PREFACE

This report forms the first complete data report in a series of

four reports on the CENSE (Coupling Efficiency of Near-Surface Explo-

sions) explosion test program. Reports 1 through 3 are essentially data

reports describing tests in sandstone, soil, and a layered soil/sandstone

geology, respectively. Report 4 (in preparation at this writing) pro-

vides an analysis and summary of the entire test series.

The CENSE series was sponsored by the Office, Chief of Engineers

(0CE) under R&D Projezt 4A763734DT08, Task 09, Work Unit 008, Ground

Shock from Multiple Bursts, and conducted by the Weapons Effects Labora-

tory (WEL), U. S. Army Engineer Watezirays Experiment Station (WES).

Mr. D. S. Reynolds served as technical monitor for OCE.

Fieldwork for CENSE 1 was conducted by personnel in the Phenom-

enology and Effects Division (PED), WEL, in the fall of 1973 near the

Mixed Company test site in western Colorado, under the direction of

J. K. Ingram, Project Scientist, PED. Site preparation and instrument

installation were accomplished by Messrs. W. M. Gay, T. P. Williams, and

J. H. Stout. Explosive charges were prepared by Messrs. Gay and S. E.

Bartlett. Craters were profiled by Mr. S. B. Price.

Support was provided by the WES Instrumentation Services Division.

Messrs. L. T. Watson and E. W. Flowers proviced field instrumentation

support, and Messrs. F. P. Leake and E. L. Sadler provided instrument

calibration.

Computer processing of the field data was coordinated by Mr. J. T.

Brogan and Mrs. D. W. McAlpin, PED.

This effort was conducted under the general supervision of

Messrs. J. L. Drake, Program Manager, PED; L. F. Ingram, Chief, PED;

and W. F. Flathau, Chief, WEL.

COL G. H. Hilt, CE, and COL J. L. Cannon, CE, were Comma/iders and

Directors of WE-S during the preparation and publication of this report.

Mr. F. R. Brown was Technical Director.
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z CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREM4ENT

U. S. customary units of measurement used in this report can be con-

verted to metric (SI) units as follows:

Multiply By To Obtain

feet 0.3048 metres

miles (U. S. statute) 1.609344 kilometres

cubic feet 0.02831685 cubic metres

pounds (mass) 0. 4535924 kilograms

tons (short) 907.1847 kilograms

pounds (force) per square inch 6894.757 pascals

feet per second 0.3048 metres per second

inches 0.0254 metres
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CENSE EXPLOSION TEST PROGRAM

CENSE 1, EXPLOSIONS IN SANDSTONE

CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

Ground shock, airblast, and cratering are highly sensitive to burst

position for near-surface explosions. Previous high-explosive (HE)'

tests have indicated large increases in ground shock magnitudes and

crater sizes when the height of burst (11OB) is varied from slightly

elevated to buried configurations. Since MOLE (Reference 1), which was

not adequately instrumented in the regions of interest, no systematic

test program has been directed toward HOB effects. More thanla score

of large-ccale HE tests have been conducted in recent years; however,

wide variations in geology, yield, and burst configuration preclude

a quantitative definition of HOB effects. Successful ground shock mea-

surements on-axis below the explosion were very limited. Limited data

are available for the Flat Top series (Reference 2); one point from

Middle Gust Event 4 (References 3 and 4); and a few locations from a

low-yield nuclear explosion in a granite cavity.

1.2 OBJECTIVE

The overall objective of the CENSE program (Coupling Efficiency of

Near-Surface Explosions) was to study the influence of burst position on

ground shock airblast and cratering in different geologic media, with

particular emphasis on measurements directly beneath the explosion. The

specific objective of CENSE 1 was to study these effects in a relatively

uniform rock (sandstone).

For convenience, symbols and unusual abbreviations used in this report

are listed and defined in the Notation (Appendix C).
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1.3 SCOPE

A preliminary treatment of the CENSE 1 data was published as

Miscellaneous Paper N-75-3 in May 1975 (Reference 5). Effects of burst

position were presented in terms of coupling factors, defined as the

ratio of an effect magnitude to that for a standard containment

condition.

This report is basically a data report. Detailed analysis anel

conclusions will be presented in Report 4 of this series, "Analysis

and Summary of CENSE Data."

10
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CHAPTER 2

APPROACH

2.1 DESCRIPTION OF TEST SITE

An exposed outcrop of Kayenta sandstone with 180- by 270-foot 1

dimensions, located about 4 miles south of Mixed Company test site, was

selected for siting. Details of site location, geology, and test bed

preparation are given in Appendix A.

2.2 EXPERIMENTAL PLAN

Eight 1000-pound spherical nitromethane (NM) charges (1140-pound

TNT equivalent) were detonated at seven burst positions relative to the

surface of the rock (Tables 2.1 and 2.2, Figure 2.1). Event 1 was an

a.rburst (noncratering) shot with an HOB of 6 feet. (All burst posi-

tikns refer to charge center of gravity (CG) relative to the surface of

the rock.) Because of loss of certain data channels, Event 1 was reshot

as Event 8. Events 2 through 7 were positioned respectively as: surface

tangent (HOB = 1.5 feet), one-fourth buried (HOB = 0.75 foot), half

buried (HOB = 0 foot), three-fourths buried (DOB = 0.75 foot), buried

tangent (depth of burst (DOB) = 1.5 feet), and buried at 10.5 feet. The

terms one-fourth buried, half buried etc., refer to that portion of the

charge diameter positioned beneath the surface of the rock; i.e., one-

fourth buried = one-fourth of charge diameter below rock surface, half

buried = half in, half out, etc.

The explosive charges were contained in 3-foot-diameter fiberglass

spheres. The charges were detonated at the geometric center of the

sphere with a 0.75-pound C4 explosive booster initiated by a Reynolds

RP-lM exploding bridge wire detonator.

2.3 INSTRUMENTATION LAYOUT

A total of 20 data channels were used for each test event to

1 A table of factors for converting U. S. customary units of measure-

ment to metric (SI) can be found on page 8.
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measure ground shock and surface airblast: 5 channels for surface air-

blast, 5 channels for ground shock directly beneath the explosion, and

10 channels for near-surface ground shock. All signals were recorded in

analog form on wide-band FM magnetic tape.

Five ground motion instrument positions were located directly

beneath each explosion at distances of 20, 30, 40, 50, and 60 feet

from the CG. The two elevated shots, Events 1 and 8, were exceptions to

this rule; for these events, the gage positions were referenced to the

surface of the rock.

In addition to the vertical instrument array, a horizontal array

(termed near-surface) of two-axis (vertical and horizontal sensing)

motion gages were placed near the ground surface, at a constant depth of

2 feet.

Five fixed positions were selected at horizontal ranges of 36, 48,

65, 85, and 100 feet from surface zero (SZ). These ranges were pred-

icated by the expected maximum ground surface overpressures correspond-

ing to 150, 70, 30, 15, and 10 psi. Surface airblast pressure gages

were placed directly over the near-surface motion gages on all but

Event 7. For Event 7, the horizontal instrument array was moved to

charge depth (10.5 feet) to measure true radial motion. An additional

horizontal gage station was added at 20 feet range for this event. no

airblast measurements were made on Event 7.

2.4 TRANSDUCERS

Transducers used in this study were standard "off-the-shelf"

instruments, i.e., Endevco Series 2200 piezoresistive accelerometers

(Reference 6); Bytrex AB-200 diaphragm-type airblast gages (Reference 7);

and the latest commercially available modification of the Sandia DX

velocity gage (Reference 8). An expanded commentary on instruments and

protective canisters is given in Appendix A.

All instrument packages were coupled to the rock at selected posi-

tions by use of rock-matching grout. Grout formulae are listed in

Appendix A.

12
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2.5 DATA RECORDING AND REDUCTION
SYSTEMS

Signal conditioning systems were standard, i.e., 3-kHz carrier

amplifier-demodulators built by the U. S. Army Engineer Waterways Experi-

ment Station (WES) were used for the velocity gages (Reference 9) and

dc-amplifiers were used for accelerometers and airblast gages. Wide-

band Sangamo Sabre IV 32-track FM magnetic-tape recorders were used to

store the analog data signe-1s. All recording systems were activated by

a timing control countdown unit via hard-wire link.

Analog-to-digital data conversion was performed with the WES auto-

matic data processing system. All integrations, filtering, baseline

shifting, and other processings were performed on the WES GE 635 com-

puter using various optional software routines developed at WES (Refer-

ences 10 and 11). Final computer output was in the form of analog plots

of motions and pressure versus time.

Most of the records were baseline-shifted and filtered. A brief

description of baseline correction techniques is given in Appendix B.

13
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Table 2.1. LOCATION OF INSTRUMENTS DIRECTLY
BENEATH EXPLOSION

Events 1, 2, 8 Events 3-7
Depth from Depth from

Rock Surface Charge CG( ft ) ( ft ) Measurementa

20 20 AV

30 30 AV
4o 4o U`v
50 50 uv

6o 6o uv

AV = vertical particle acceleration.
UTV = vertical particle velocity.

Table 2.2. LOCATION OF INSTRUMENTS ALONG HORIZONTAL RADIAL

Events 1-6 Event 8 Event 7
Range Depth Depth Depth

(ft) (ft) Measurementa (ft) Measurement (ft) Measurement

20 ........ 10.5 AH

36 0 AB 2 UV, UH 10.5 UH

48 0 AB 2 UV, UH 10.5 UH

65 0 AB 2 UV, UH 10.5 UH

85 0 AB 2 UV, UH 10.5 UH

100 0 AB 2 UV, UH 10.5 UH

aAB = surface airblast.

AF = horizontal acceleration.
UH = horizontal particle velocity.

14
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Figure 2.1. CENSE 1 experiment geometry, 1000-pound liquid

N1M explosive (l140-pound TNT equivalent).
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CHAPTER 3

RESULTS

3.1 CRATERING

Both apparent and true craters were measured. No craters were pro-

duced by the elevated detonations (Events 1 and 8). Crater measurements

are listed in Table 3.1. Apparent and true crater profiles are shown in

Figure 3.1(a) and 3.1(b), respectively. The apparent crater profiles

(Figure 3.1(a)) for Events 2 through 4 were either slightly mounded

(positive crater) or relatively flat. A classical bowl-shaped crater

was not achieved until the charge was buried 0.75 foot.

By contrast, the true craters increased with increasing DOB, Fig-

ures 3.1(b) and 3.2. An index of the cratering efficiency for a given

burst position is obtained by plotting the ratio of the true crater

volume to explosive charge weight versus scaled burst position, as in

Figure 3.2. The cratering efficiency is seen to be a linear relation-

ship when plotted in this manner. Cratering efficiencies ranged from
330.043 ft /lb for the surface tangent (Event 2) detonation to 6.02 ft 3 /lb

for the 10.5-foot DOB (Event 7) detonation, Table 3.1.
3.2 ARRIVAL TIME

First signal arrival times are listed in Tables 3.2, 3.3, and 3.4

for the vertical radial directly beneath the explosion, surface airblast,

and motion horizontal radial, respectively. Arrival times are plotted

versus depth for the vertical radial in Figure 3.3; surface airblast

arrival time versus horizontal range in Figure 3.4, and motion-arrival

time versus horizontal range in Figure 3.5.

The compression (P-wave) propagated downward at an average velocity

of 7900 ft/s directly beneath the explosion (Figure 3.3, Table 3.2).

This compares favorably with the 7500 ft/s seismic velocity previously

determined (References 12-14) for the unweathered upper zone of the

Kayenta sandstone.

16
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The P-wave propagation along the horizontal motion radial was

8400 ft/s, some 500 ft/s faster than was measured along the vertical

vector. Outrunning occurred at all near-surface motion gage locations.

3.3 VERTICAL GROUND MOTION
DIRECTLY BENEATH THE EXPLOSION

3.3.1 Data Recovery

Practically no empirical grounu shock data taken directly beneath

the explosion existed prior to execution of the CENSE program. Several

attempts had been made to acquire data from this region on a few pre-

ceding HE experiments, but almost all met with failure. Groumd shock

data recorded in CENSE 1 in this region were of excellent quality. Only

data from two shallow gages were lost on Event 1, which was due to

2improper hookup; the shallowest gage data from Event 7, which was damaged

by the shock; and the 60-foot depth station on Event 8.

3.3.2 Acceleration

Acceleration-time histories for all events are compared in Fig-

ures 3.6 and 3.7. Figure 3.6 compares waveforms from Events 8, 2, 3,

and 4, while Figure 3.7 compares waveforms from Events 5, 6, and 7. The

waveforms are similar for all events; namely, a predominant downward

spike followed by a smaller longer duration upward pulse. Pulse dura-

tions increased with depth and amplitudes decreased.

Scaled peak downward acceleration directly beneath the explosion

versus scaled depth is displayed in Figure 3.8. Since only two data

points were available for any given event, the trend cannot be estab-

lished; however, some observations can be made. Peak amplituaes in-

creased with increasing charge DOB within the rock. Exception to this

generality is noted at 30 feet from Event 7, which was about 30 percent

lower than for the buried tangent shot (Event 6).

Based on the 30-foot depth data, an approximate increase in

acceleration with increased DOB within the rock can be computed. Peak

acceleration increased: 1.4 times from the 6-foot HOB (Events 1 and 8)

to the surface tangent burst position (Event 6); 4.9 times from surface

17
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tangent to 0.75-foot HOB; 2.3 times from 0.75-foot HOB to half buried;

1.2 times from half buried to 0.75-foot DOB; and 5.3 times from 0.75-foot

DOB to 1.5-foot DOB (buried tangent position). A 40 percent reduction

was observed for the peak acceleration measured on Event 7 (10.5-foot

DOB) from that of the buried tangent shot.

3.3.3 Particle Velocity

Particle velocity-time histories for the two shallowest gage posi-

tions (i.e., 20 and 30 feet) for all events were obtained by numerical

integration of the acceleration-time histories. Velocity waveforms for

all events are shown in Figures 3.9 through 3.12. As was noted for the

acceleration waveforms, the velocity raveforms exhibited a predominantly

downward pulse followed by a lower amplitude, longer duration upward

pulse. The amplitude ratio of the upward to downward velocity pulse

increased with increasing depth, approaching a value of 0.6 at the

60-foot depth. Lower than expected signal levels, coupled with exces-

sive system noise, caused distortion in the recorded velocity-time

histories from the surface tangent shot (Event 2), Figure 3.9. Initial

peaks were relatively unaffected; however, the lower amplitude, late-

time portions of the waveforms were distorted. The zero baselines for

the two integrated acceleration-time histories were significantly

shifted by the low signal-to-noise ratio and an extraneous superimposed

periodic noise. The estimated waveforms for the three deepest positions

are indicated by dashed lines in Figure 3.9.

Peak downward particle velocity directly beneath the explosion

versus scaled depth for all events is displayed in Figure 3.13. Atten-

uation of peak velocity with increasing depth was essentially constant

for all events: approximately at the -3.67 power with depth. No signif-

icant enhancement in downward particle velocity was observed by moving

the shot point from airburst to surface tangent. Significant increases

in velocity amplitudes were noted. for progressive burial of the explosive

beyond the surface tangent (contact) burst position. Measured velocity

increased approximately: 2 times from the surface tangent (1.5-foot

HOB) to 0.75-foot HOB; 1.54 times from 0.75-foot HOB to half buried;
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1.38 times from half buried to 0.75-foot DOB; 3.58 times from 0.75-foot

DOB to buried tangent (1.5-foot DOB); aid 2.86 times from buried tangent

k to 10.5-foot DOB. An overall increase in peak velocity of 43 times was

attained at a DOB of 10.5 feet as compared with the 6-foot HOB

detonations.

A comparison of true radial vertical and horizontal particle veloc-

ities from Event 7 (10.5-foot DOB) is presented in Figure 3.12. Hori-

zontal velocity waveforms exhibited the characteristic shape as was

noted for the near-surface (2-foot depth) measurements, the shape of

the waveform being virtually independent of distance and burst position.

The vertical waveforms, however, showed a peculiar double-peaked wave-

form. A single spike wave shape did not develop until a depth of

60 feet from the charge CG was reached. The peak downward velocity

measured at the 60-foot depth appeared to be low by about a factor of 2.

Peak particle velocities from the two radials are compared in the

velocity-distance plot, Figure 3.14. Peak vertical (doumward) particle

velocity appeared to attenuate more rapidly than the outward velocity

along the horizontal radial, as evidenced by the apparent slopes of the

data (Figure 3.14), i.e., vertical at the slope of the data curve (ve-

locity attenuated as the -3.4 power with range R) versus horizontal
a R-2.0.

atR

3.3.4 Displacement

All displacements were derived from either singly integrating the

velocity-time histories or doubly integrating the acceleration-time

histories. The resulting displacement-time histories are presented in

Appendix B. Peak downward displacements along the vertical radial are

listed in Table 3.5. The maximum displacement recorded was less than

1 foot at a range of 20 feet from the charge center on Event 7.

The mininum downward displacement recorded was 0.00062 feet,

60 feet below the surface of the rock on Event 1. Vertical displace-

ments were scaled by the cube root of the charge weight (W ) and

plotted as a function of scaled depth in Figure 3.15. Peak displacement

directly beneath the explosion attenuated at similar slopes for all burst
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positions, i.e., as R-2 "l. Displacements produced by the Events 1

and 8 airbursts and the surface tangent detonations were virtually iden-

tical. Only moderate increases in peak displacement were evident between

the near-surface detonations, Ivents 3 through 5. Observed was: an in-

crease in peak displacement of 1.7 times between surface tangent

(1.5-foot HOB) and 0.75-foot HOB; a 1.5 times increase between 0.75-foot

HOB and half buried (0 HOB); and a 1.2 times increase between half

buried and 0.75-foot DOB positions. However, significant increases

occurred for progressively deeper charge burial. An increase of 2.7 was

obtained from the 0.75-foot DOB position to the buried tangent (1.5-foot

DOB), and a factor of 10 increase was obtained from the buried tangent

to the 10.5-foot DOB position. Peak displacement increased by a factor

of 83 by moving the burst position from surface tangent above to a depth
of 10.5 feet.

3. 4 NEAR-SURFACE GROUND MOTION

3.4.1 Data Recovery

Generally, excellent data were obtained along the near-surface

(2-foot depth) instrument radials. All near-surface motion data were

recovered from Events 2 through 6. One vertical particle velocity data

channel (36-2-UV)* was lost on Event 1 due to cable damage. Four hori-

zontal particle velocity data channels (36-2-UH, 48-2-UH, 65-2-UH, and

85-2-UH) and three vertical particle velocity data channels (36-2-UV,

48-2-UV, and 65-2-UV) were lost on Event 8 due to a malfunction at the

gage amplifier.

3.4.2 Horizontal Particle Velocity

Near-surface horizontal velocity waveforms at the nominal 70- and

10-psi overpressure region (48- and 100-foot ranges) are shown in Fig-

ure 3.16. Outrunning ground motion was evident at the closest gage

station even for the airburst detonations (Events 1 and 8). The hori-

zontal particle velocity waveforms per se appeared to be generally

Refer to Appendix B for explanation of channel numbers.
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independcit of burst position in that they exhibited the same character-

istic shape. However, the frequency content was inverse'y proportional

to the charge depth, i.e., the greater the depth (less airblast energy

fraction), the lower the frequency. The minimal airblast influence was

observed in the composite waveforms (Figure 3.16), where arrival of the

airblast is indicated by a vertical dashed line. The primary velocity

contribution was provided by the shock propagating in the rock.

The inward-going, or rebound, velocity was generally higher than or

equal to the outward-going (away from the explosive source) for all

events.

Peak outward, near-surface velocity was highly sensitive to burst

position, as illustrated by the velocity versus scaled range plot, Fig-

ure 3.17. The maximum increase in horizontal velocity occurred between

the 6-foot HOB and surface tangent (1.5-foot HOB) detonations: an in-

crease of 3.8 times. The increase was exactly half this value

(1.9 times) between surface tangent and 0.75-foot HOB. Horizontal

velocity increased by a 'actor of 2 between 0.75-foot HOB and half

buried (0 HOB). Only slight increases were observed between the deeper

burst positions. A maximum increase of 29 times was achieved by moving

the burst position from surface tangent (1.5-foot HOB) to 10.5-foot DOB.
1.21

The peak outward velocity attenuated as R- for the 6-, 1.5-, and

0.75-foot HOB positions. The attenuation rate increased for the half

buried (0 HOB) and deeper detonations, approximately as R- 1 85.

Peak-to-peak near-surface horizontal velocity, i.e., the absolute

amplitude of the peak outward velocity, plus the absolute amplitude of

the peak inward velocity, values are listed in Table 3.6 and shown below:

OUT

PEAK-TO-PEAK VELOCITY

STIME
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A plot of these peak-to-peak velocities versus scaled range is displayed

in Figure 3.18. Horizontal velocity data thus treated appeared to atten-

uate at a constant rate of R-l'BB for all burst conditions.

3.4.3 Vertical Particle Velocity

Near-surface vertical particle velocity waveforms (Figure 3.19)

within the rock display a complicated wave pattern. Since outrunning

has occurred at all measurement locations, discrete components of the

motion signature are superimposed, resulting in a highly complicated,

composite waveform. The character of each waveform is dependent upon

the relative phasing of its individual components.

Downward airslap (airblast) was a principal contributor to the

peak downward velocity only for the close-in measurement positions for

the airburst, surface tangent, and one-fourth-buried detonations

(Events 1 (8), 2, and 3). For detonations at depths in excess of one-
fourth buried (0.75-foot DOB), this role was reversed, i.e., for the

half-buried and deeper buried detonations, the significant peak velocity

is seen to be upward, preceding the arrival of the surface airblast

(Figure 3.19). Arrival of the surface airblast is indicated by dashed

vertical lines on the velocity waveforms of Figure 3.19.

Analyses of the vertical data are difficult to make because of the

extreme difficulty in separating the discrete components, i.e., airblast-

induced motion, crater (direct)-induced motions, surface (Rayleigh) wave,

etc. It appears pointless to present peak downward or upward particle

velocity as a function of range whL- addressing different driving

sources for the peaks. Instead, the data are taken peak-to-peak, i.e.,

the sum of the upward maxima plus downward maxima, peak upward to peak

downward amplitudes. These peak-to-peak values are plotted as a func-

tion of scaled range in Figure 3.20. Table 3.7 lists the peak-to-peak

values for the vertical data, Events 1 through 6 and 8. Definite trends

appear in this plot (Figure 3.20). The velocity is seen generally to

attenuate at a rate of the -2.5 power of range between the scaled range

of 3.4 and 6.2 W1/ 3 (except for the aboveground detonations, Events 1
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and 8) A velocity increase occurred at a range of 8.1 Velocity

again attenuated as R-2. 5 beyond 8.1 WI/3

3.4.4 Horizontal Displacement

Near-surface horizontal displacement waveforms for the 48- and

100-foot range locations for Events 1 through 6 are shown in Figure 3.21.

The displacement waveforms are similar in ch acter to their velocity

counterparts (see Section 3.4.2). Surface airblast had no significant

influence on horizontal displacement. No structure within the displace-

ment waveform appeared to have an association with the airblast phasing

(note that surface airblast arrival is indicated by a vertical dashed
line in Figure 3.21). The horizontal displacement was produced exclu-

sively by the shock propagating in the rock. Little permanent displace-

ment was observed over the region studied. The response of the site

material appeared to have been highly elastic in behavior. Peak outward

displacements for all events, scaled by W1/3, are plotted as functions

of scaled horizontal distance in Figure 3.22. Peak amplitudes increased

progressively with increasing charge DOB. Slopes of the attenuation

curves progressively steepened with increasing charge DOB. Practically

no attenuation was observed in the displacement data from Event 1, which

was detonated at a HOB of 6 feet. Maximum data scatter was present in

the Event 4 (half-vuried) data.

The initial outward going transient displacement in some instances

was greater than the inward rebound displacement pulse; in other

instances the rebound displacement was of a higher amplitude. The dis-

placement relationship between events is more readily seen by plotting

scaled peak-to-peak iisplacements versus scaled distance, Figure 3.23.

In this figure, definite attenuation trends are evident for all events.

Again, peak amplitudes increased proportionally with increasing charge

DOB; however, note that the slopes are essentially equal for all events.

Based on Figure 3.23, peak displacement was 18 times greater for the

10.5-foot DOB shot (Event 7) than for the surface tangent burst posi-

tion. Peak displacement was 8 times greater for the buried tangent

shot (Event 6) than for the surface tangent event.
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3.4.5 Vertical Displacement

Near-surface vertical displacement waveforrs for the 48- and

100-foot range locations for Events 1 through 6 are shown in Figure 3.24.

Surface airblast influenced the vertical displacement minimally at the

two closest-in gage notations (36- and 42-foot horizontal range) for

Events 1 through 3. Surface airblast had little influence at ranges

greater than 48 feet for Events 1 through 3, or at any range instru-

mented for deeper buried shots.

3.5 SURFACE AIRBLAST

3.5.1 Data Recovery

No airblast data were recorded for Event 1 due to a malfunction in

the recording electronics. No airblast measurements were attempted for

the deeply buried shot (Event 7). Good quality airblast data were

attained on all other events for the test program.

3.5.2 Airblast Pressure-
Time Histories

Airblast pressure-time histories from Evrents 2 through 6 and 8 are

composited in Figures 3.25, 3.26, and 3.27. (See Appendix B for complete

time histories and impulse.) Figure 3.28 displays peak surface airblast

as a function of scaled range and burst position.

3.5.3 Airblast Impulse

Surface airblast impulses were derived by numerically integrating

the airblast time histories (see Appendix B). Peak impulse values are

listed in Table 3.8. Peak surface airblast impulse as a function of

X and burst couidition is shown in Figure 3.29. With the exception of
r

the surface tangent shot, impulse values decreased progressively with

increased charge burial. Impulses were relatively constant over a

horizontal range of 3.4 to 6.2 W113 for the 0.75- and 1.5-foot DOB tests

(Events 5 and 6, respectively).
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Figure 3.1. Apparent and true crater profiles.
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CHAPTER 4

OBSERVATIONS AND RECOMMENDATIONS

4.1 OBSERVATIONS

This chapter presents pertinent observations of the results from

the CENSE 1 experiment. Detailed conclusions will be appropriately

treated in Report 4 of this series, "Analysis and Summary of CENSE

Data."

The primary objective of the CENSE 1 program was to determine the

influence of burst position on ground shock in rock. Airblast and

cratering were of secondary interest. Particular emphasis was placed

on measurements directly beneath the explosion. The objectives were

achieved. Excellent quality ground motion data were recorded.

The CENSE HOB/DOB experiment concept has provided critical insight

into the shock physics and wave propagation in the region directly

beneath an explosion detonated in rock. The information retrieved has

already had major impact on weapons effects tests design and hardness

assessments.

4.1.1 Cratering

No craters were produced by the airbursts, Events 1 and 8. The

near-surface burst produced mounds of crushed and pulverized rock.

(This same rebound phenomenon was also observed on the 20-ton Mixed

Company surface "•angent shot.) Because of the mounding effect for the

shallow bursts, apparent crater parameters, especially volumes, are

anomalous and do not scale. However, the true craters behaved in a

consistent fashion with size increasing with DOB. Although the optimum

DOB was not achieved in this test series, it is believed to occur at a

scaled depth of approximately 1.5 W1/3 (15 ft) where the true cratering

efficiency is estimated to be at least 7.5 ft 3 /lb. A comparison of the

cratering efficiencies shows about 10 percent of optimum for a surface

burst and 1.5 percent for a tangent sphere. (These values were derived

from an analysis of CENSE-1 and Mixed Company data.)
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4.1.2 Airblast

The airblast suppression (enhancement) was strongly influenced by

the burst position in the region HOB = 0.29 W1/3 to DOB = 0.14 W1/3.

For HOB's higher than 0.29 W113 the enhancement asymptotically approached

a maximum value twice the value of the free-air condition. Suppression

was substantial for burst positions within the rock where DOB was

greater than half buried. Increasing ccntainment caused a progressive

flattening of the peak pressure attenuation with range, limiting con-

clusions about airblast suppression to shallow-buried bursts (DOB

about 0.14 W113 or less). E•trapolation to greater DOB and ranges is

not warranted with this data base.

4.1.3 Ground Shock

4.1.3.1 WAVE SPEED. The compressional wave propagated doiwnard

directly beneath the explosion at a velocity of 7900 ft/s. Propagation

along the horizontal radial was 8400 ft/s. The seismic velocity pre-

viously determined for Kayenta sandstone in this area was 7500 ft/s.

Outrunning occurred at all near-surface motion gage locations.

4.1.3.2 ACCELERATION MEASUREMENTS. Burst position significantly

influenced acceleration measured directly beneath the explosion. Peak

amplitudes increased rapidly with increasing charge DOB. Peak downward

acceleration from the buried tangent detonation was 115 times that from

the surface tangent detonation.

4.1.3.3 PARTICLE VELOCITY. Significant increases in particle

velocity directly beneath the explosion occurred for progressive charge

burial within the rock. Maximum downward particle velocity, which was

produced from the charge DOB of 10.5 feet, was some 42 times greater

than that produced by the surface tangent detonation.

Distinct diffefences were observed in both the amplitude and the

shape of the particle velocity waveforms beneath the charge and near

the surface from the deepest shot, Event 7. The vertical velocity wave-

form was characterized by a double-spiked initial peak, whereas the

horizontal waveform showed a characteristic single peak profile that was
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present in all the near-surface (2-foot depth) horizontal waveforms.

Velocities were higher beneath the charge, yet attenuated more rapidly

with distance compared to the surface motions. This difference might be

associated with the a•most horizontally bedded structure of the sand-

stone and the burst position.

Near-surface horizontal particle velocity exhibited a character-

istic shape at all ranges (including the 10.5-foot depth horizontal

radial of Event 7) in all HOB/DOB detonations. Horizontal particle

velocity was independent of localized surface airblast influence and

appeared to be related to a body wave p_,.enomenon. Horizontal motion

apparently originated at or very near GZ from the airblast loading.

Because of the high strength of the rock and relatively low surface air-

blast pressures over the horizontal range instrumented, little airslap

was transmitted directly to the sensors. Burst position significantly

influenced horizontal particle velocity amplitudes. Maximum near-

-... ce hoziont-al p i u1tyA'1-v measYPred fron thp buried tangent

detonation (Event 6) was 5 times greater than from the surface tangent

detonation. Maximum horizontal particle velocities were measured at

charge depth from Event 7. The amplitudes were 8 times those from the

surface tangent detonation at comparable distances.

Near-surface vertical velocity waveforms were highly complex and,

therefore, difficult to interpret. Surface airblast significantly in-

fluenced peak downward velocity only at the closest gage position for

the 0.75-foot HOB •nd shallower events. For all other burst positions,

the direct-induced motion was the primary source influencing the verti-

cal velocity.

4.l.3.4 DISPLACEMENT. Vertical displacement directly beneath the

explosion responded in a manner similar to the vertical particle veloc-

ity. Maximum downward displacement produced by Event 7 (DOB 10.5 feet)

was 84 times greatcer than for the surface tangent detonation.

Surface airblast had no significant influence on near-surface

horizontal displacement. The horizontal displacement was produced
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exclusively by the shock propagating in the rock, even in the air-

bursts (Events 1 and 8). Peak horizontal displacement increased pro-

portionally with increasing charge DOB. Near-surface horizontal dis-

placement was 8 times greater from the buried tangent detonation

(Event 6) than the surface tangent shot. This enhancement increased to

18 times for the 10.5-foot DOB detonation.

4.2 RECOMMENDATIONS

It is recommended that similar tests be performed in soil and in

layered geologies, including soil over rock.
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APPENDIX A

TEST SITE PREPARATION

A.1 SITE LOCATION

The test series was conducted on private land in the NW quadrant of

Section 33, Township 12 South, Range 102 West, Mesa County, Colo. (Fig-

ures A.1 and A.2). The site was located about 4 miles west of Glade

Park, which is approximately 15 miles southwest of Grand Junction.

A.2 GEOLOGY

The exposed rock of the test site is part of the approximately

70-foot-thick Kayenta Formation of the Glen Canyon Group, Triassic

period. This formation is a fluvial deposit consisting of lenticular to

irregularly bedded layers of fine- to medium-grained sandstone, silt-

stone, and conglomerate with occasional layers or lenses of shale

(References 11, 12, and 13).1

The Wingate Formation lies beneath the Kayenta and extends from

approximately 70 to 400 feet in depth. It is predominately eolean

deposited, crossbedded, fine-grained massive sandstone. A geologic

profile of the CENSE 1 site is .' -n in Figure A.3.

An exposed massif north oi 3est site is composed of sandstone

of the Entrada Formation, similL ) the Wingate in character, but con-

siderably harder (better cemented).

Only a few surface faults were observed in the area selected as the

test bed. The major visible feature was a N-NW striking fault that ex-

tended through the test bed (extending to an unknown depth) to the north

bounding massif.

Borings to depths of 85 feet did not indicate obvious faulting in

the area planned for testing. However, a layer of relatively uncemented

1 Raised numbers refer to similarly numbered items in the References at
the end of the main text.
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sand or very friable sandstone was encountered at a nominal depth of

65 feet, and may mark the Kayenta-Wingate Formation contact zone. These

borings revealed a finely layered structure with the bedding plane

dipping 10 degrees to the north.

A.3 INSTRUMENT INSTALLATION

A.3.1 Instrument Packages

Motion instruments were protected by cylindrical aluminum canisters.

Two sizes were used. A small "micro" can was used for the accelerometers

and a larger "combination" can was used for the velocity gages. Speci-

fications for these canisters are given in Reference 15.

Surface airblast gages were mounted in 2-1/2-inch-diameter steel

pipe nipples and potted with Biwax 601 potting compound.

A.3.2 Vertical Radial Directly
Beneath the Explosion

Ground Zero (GZ) instruments were prealined on the ground surface

aL bpeel f.edU in±tervals. LL1 ................ i• c~ L- we.t Lahi ciupud Lo

lengths of 1/8-inch-diameter stainless steel aircraft cable. A 25-pound

steel deadman was used for stability. Signal cables were looped around

the canisters and protected from sharp edges by short lengths of Tygon

tubing. Signa• cables were than taped to the steel cable between instru-

ment canisters. Figure A.4 shows the details. After checkout, the

signal cables were disconnected and strung down the vertical instrument

hole and brought back to the surface via the slant hole that intersected

the vertical hole some 10 feet below the deepest canister. Signal

cables were reconnected and all channels were monitored as the instru-

ments were placed and grouted.

Grout was injected into the instrument hole from the bottom through

a 1-inch diameter hose. The gage stringer was secured at the surface

and the deadman grouted in. Sufficient grout was placed to not only

secure the deadman, but also seal off the intersecting slant hole.

After the initial grout po r was set, the remainder of the vertical hole

was grouted in a single operation.
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To provide good ground motion measurements, rigid coupling to the

native earth is mandatory. Chemical grouting provided a positive

coupling to the in situ rock. Although slight variances in materials

and associated properties probably existed throughout the depths instru-

mented on CENSE 1, a single grout type was used for coupling the instru-

ment packages to the rock. The grout formula by weight percentage is

given in Table A.l.

A.3.3 Horizontal Radial

Thin cement grout pads approximately 110 feet long by 4 feet wide

and an average 4 inches thick were poured for surface airblast gages

(Figure A.5). An expanded pad area was provided around GZ to ensure a

smooth path for surface air shock runout. Since both surface airblast

and near-surface motion gages were used at the same fixed horizontal

ranges, a single placement hole was augered vertically through the pad

at its center (Figure A.5). The near-surface motion instruments were

positioned at the bottom of the boreholes (canister midpoint at a depth

of 2 feet), locally grouted at the base, and the holes backfilled with

damp tamped masonry sand.

Surface airblast gages were positioned in the top center of the

hole flush with the pad surface and grouted in place.

One-inch-diameter polyvinylchloride pipe was placed in the pad for

instrument cable access and protection. All surface airblast and near-

surface ground motion instruments were recovered and reused for all

events except Event 7.

The Event 2 (surface tangent) GZ area had to be cleared and rebuilt

before testing of Event 6 (buried tangent). A large volume of grout

was required that was greatly in excess of the existing supply of

instrument canister grout. As an alternative, a commercial grout was

purchased and used as backfill. This crater backfill grout mix formula

is given in Table A.1.

Grout components are described in Table A.2.
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A.4 CHARGE INSTALLATION

The explosive charges for the elevated shots were suspended from a

wire rope supported by two poles. The poles were grouted into the rock.

The explosive was suspended from the wire rope by a nylon sling.

The charge for the surface tangent shot was supported by a Styro-

foam ring. Charges for Events 3 through 6 were placed in shaped cavi-

ties chiseled into the rock. A thin layer of rock-matching grout was

used to couple the charge to the rock.

The charge for Event 7 was positioned in a 40-inch-diameter calyx

hole. The charge container was filled with water and weighted down with

sandbags. A layer of rock-matching grout was placed to an elevation

just above the centerline. After the first lift of grout had set, a

second lift was placed to cover the charge. The water was p',mped out

of the container and the container was blown dry. Filling, vent, and

arming ports were attached to the container and the booster explosive

(3/4-pound C4) and exploding bridge wire detonators were installed. ThL

top parts were sealed and the remaining vol-c Of th.. • harge h-.^e .. as

grouted in a single pour. The charge container was filled with nitro-

methane just prior to execution of the event (T-2 hours).

72

I



Table A.l. GROUT FORMULAE.

Component Weight Percentage

Instrument and Charge Backfill Mix

ChemComp cement 18.13
Fly ash 7.68

Sand (masonry) 52.33
Gel 0.28

Ba.ite 6.89

CFR-2 o. l4

Water 14.55

Crater Backfill Mix

Portland cement, type I1 21.95
Sand (masonry) 57.72

Gel 0.01
Water 20.32
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Table A.2. GROUT COMPONENT DESCRIPTIONS.

Material Description

Portland cement Common type II portland cement.

Fly ash Pozzolan, used for fille-., retards heat of
hydration, provides long-term strength.
Distributed by Halliburton Oil Well Cement-
ing Company, Mopa, Nev.

ChemComp Shrinkage compensating cement.

Sand Locally available, fine gray sand, washed.
Whitewater Materials Company, Grand Junction,
Colo.

Gel Bentonite clay, used to hold other materials
in suspension during pumping and curing.

Barite Barium sulfate, used as filler to increase
weight of grout. Proprietary product of
Baroid Division, National Lead Company,
Jackson, Miss.

Friction-reducing admixture. Proprietary
product of Halliburton Oil Well Cementing
Company, Nevada Test Site, Mercury, Nev.

Water Local reservoir water, furnished by commer-
cial supply truck.
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CHARGE (NOT TO SCALE)

* WEATHERED SANDSTONE

HARD. LIGHT- TO DARK-BROWN, FINE- TO MEDIUM-THIN SAND OR FRIABLE GRI ADTN LERAIGWT ADSAGAINSADSTNE LTRNAINGWIH HRDSAYNDTO-WNE POABL 100j, TAN TO BROWN, MEDIUM-GRAIN SANDSTONE.,
KAYONTACTWZNGAE) CONTAINING LENSES AND LAYERS OF DARK-CONTCT ZNE)BROWN SHALE (HARD SILTY CLAY FROM 0.02
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1,000-LB LIQUID
CG NITROMETHANE

GROUND IEXPLOSIVE
SURFACEI _ __ _ _

&h..1/8-IN.-DIA A..

STRINGER..
. . . . . . . . . . . . . . . ..

ACCEfLEROMETER *---. .*..... *

CAN ISTER

. .. .. .. ..... :

INTUMENT CABLE

SANT hOLEi

3-N DA

-VELOCITY GAGE

CANSTE

-SANDSTONE MATCHING GROUT

STEEL DEADMAN'

SECTION

Figure A.h. Installation detail of motion instruments along
the vertical radial directly beneath the explo-
sion (not to scale).
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~ ~ HANOFINISHED

SECTION BB

SECTION CC

Figure A-5. Airbiast pad construction details.
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APPENDIX B

GROUND MOTION AND STJRFACE AIRBLAST-TIME HISTORIES

B.1 DATA TREATMENT

The original analog tapes were digitized and processed on the

U. S. Army Enginfcer Waterways Experiment Station (WES) computer.

Various subroutines were used as need-d to make corrections for temper-
1

ature effects on the velocity gage records (Reference 8), filtering,

and baseline shifting (References 10 and 11), especially where single

and double integrations were performed. Table B.1 lists digital band-

pass frequencies. Figure B.1 provides a graphical explanation of the

various baseline correction techniques.

B.2 TIME HISTORY PRESENTATION

Time histories in Figures B.2 through B.23 are presented such that

upward motion, outward motion (away from ground zero (GZ)), and compres-

sion are upward (positive) on the plots. Conversely, downward motion

-and inward motion are downward (negative) on the plots. Inset figures

on the plots are uncorrected data shown in the "as recorded" condition.

Identification labeling on the plots is formatted as follows:

Location: Upper right-hand corner of plot

First Line: Experiment, event number

Second Line: Gage identifier, i.e., distance from GZ in feet,

depth in feet, parameter, orientation, and

analog tape number, track

Third Line: Digitizing rate, Hz

Fourth Line: Filter option

Fifth Line: Date, digital tape reel numbers

1
Raised numbers refer to similarly numbe.-ed items in the list of Refer-

ences at the end of the main text.
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EXAMPLE:

Constant Baseline Shift

Start of Shift, Seconds

End of Shift, Seconds

n- Polarity and Amplitude of Shift

Experiment Event No.

CBS 0.00 0.50 -0.00 CENSE EVENT 1

, 65-2-UV 2-4 - Analog
6000 HZ Tape/Track

F4
021375 4833 -- Digital

Tape No.

Range, Fe-t
LVelocity

Depth, Feet Vertical Vector

Digitizing L Low-pass Filter
Rebe, Hz Option FA

Date of Plot
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CENSE EVENT 8
36-2-UH

NO DATA RECOVERED

CENSE EVENT 8

36-2-UV

NO DATA RECOVERED

SCENSE EVENT 8

48-2-UH

NO DATA RECOVERED

CENSE EVENT 8
48-2-Ult

NO DATA RECOVERED

CENSE EVENT 8
65-2-UH

NO DATA RECOVERED

Figure B.6. Event 8, airburst, elevated -0.57 W1/3(-6 feet)
near-surface motion-time histories (sheet 1 of 3)
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CENSE EVENT 8
65-2-UV

NO DATA RECOVERED

CENSE EVENT 8
85-2-UH

NO DATA RECOVERED

cot c- c .w, 0. CENGE EVEN7 8

8S-2-UV 2-6
G00D. $ZS0.113

o eJ a ' - .25 2'S 4?

-j "-0.320 _5
^A ý,

'j -0-32

�.-I 0.Z0 0.2S 0.30 CA.3 3.40 0.4S O.G

7l11f FRO"l DET - SECS

Figure B.6 (sheet 2 of 3).
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APPENDIX C

NOTATION

AB Surface airblast

AH Horizontal particle acceleration

AV Vertical particle acceleration

CG Center of gravity of explosive charge

d Apparent crater depth, feet
4 a

d True crater depth, feet
t

DOB Depth-of-burst below rock surface (to center of charge)
GZ Ground zero

HE High explosive

HOB Height-of-burst above rock surface (to center of charge)

NM Nitromethane explosive

r Apparent crater radius, feet

rt True crater radius, feet

R Slope of data with respect to distance

R Charge radius = 1.5 feet
c

SZ Surface zero

UH Horizontal particle velocity

UV Vertical particle velocity

v Apparent crater volume, ft3a

vt True crater volume, ft 3

W Charge weight (TNT equivalent), pound = 140 pounds

W1/ Scaled charge weight = (1140)1/3 = 10.45 ft/lbl/3
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